The objective of the study was to develop a steady-state system model in Aspen TECH using user-defi ned subroutines to predict the SOFC electrochemical performance. In order to achieve high overall fuel utilization and thus high electrical effi ciency, a concept of Combined Heat and Power system with two-stage SOFC stacks of different number of cells was analyzed. The concept of two-stage SOFC stacks based system was developed in the framework of the FP7 EU-funded project STAGE-SOFC. The model was validated against data gathered during the operation of the proof-of-concept showing good agreement with the comparative simulation data. Following model validation, further simulations were performed for different values of fuel utilization to analyze its infl uence on system electrical performance. Simulation results showed that the concept of two-stage SOFC stacks confi guration was viable and reliable. The model can be useful for development the optimal control strategy for system under safe conditions.
INTRODUCTION
In recent years several alternative designs of Combined Heat and Power, CHP, system based on Solid Oxide Fuel Cells, SOFCs, were investigated numerically 1 . Research studies included single pass SOFC stack systems and confi gurations with recirculation. As one of the fi rst Araki et al. 2 analysed a power generation system consisting of two stages externally reformed SOFCs with serial connection of low and high temperature SOFCs. Authors showed that the power generation effi ciency of the two-stage SOFCs was 50.3% and the total effi ciency of power generation with gas turbine was 56.1% under standard operating conditions of SOFC temperature 750 o C, current density 0.3 A/cm 2 and cell pressure 1 MPa. Two types of combined cycles of a two-stage combination of Intermediate Temperature IT-SOFC and High Temperature HT-SOFC with two stages of IT-SOFC were also evaluated using numerical models in Aspen Plus TM by Musa and Paepe
3
. In both combined cycles, the anode fl ows of the fi rst and second stage fuel cell stacks were connected in parallel, while the cathode fl ow was connected serially. The simulation results showed that a single-stage HT-SOFC and IT-SOFC had an effi ciency of 57.6% and 62.3%, respectively. A combined cycle of two--stage IT-SOFC gave 65.5% under standard operational conditions of pressure 6 bar and of temperature 750 o C and 850 o C for IT-SOFC and HT-SOFC respectively. In addition, it was noted that the heat exchanger between the two fuel cells in the cathode stream can be omitted as the operating temperature in the IT-SOFC was lower.
Alternative solution of a design was proposed by Mushtaq et al. 4 with a fl at tubular segmented in series, SIS, SOFC sub module composed of a 5 unit cell. Electrochemical performance analysis was conducted between 600 and 800 o C using 300 CC/min 3 vol. % humidifi ed hydrogen fuel and 1500 CC/min air as oxidant. It was showed that application of an LSCo layer enhanced the performance from 401 to 522 mW/cm 2 The lower value of OCV was explained due to the leakage of the reacting gases through the interconnector layer and ceramic sealant. The design resulted in higher power density per unit volume and improved the overall tubular SOFC by increasing the thickness of the cathode and adaptation of the current collector. An et al. 5 tested a fl attened tubular segmented in series, SIS, SOFC stack as well. The aim was to improve an active area per cell and the fuel cell effi ciency. Authors 5 found that when the unit cell was laminated on all sides of SIS SOFC on a porous ceramic support, the active area per cell increases 2.6 times. The output increases by 2.5 times, while the polarization resistance decreases by 35%.
On the other hand, Ding and Liu 6 presented a cone shaped tubular segmented in series two cell SOFC stack. The cone shaped tubular anode substrates were fabricated by slip casting technique and the Yttria Stabilized Zirconia, YSZ, electrolyte fi lms were deposited onto the anode by dip coating method. The single cell, NiO-YSZ/YSZ/LSM-YSZ provides a maximum power density of 1.78 W/cm 2 at 800 o C using moist hydrogen as fuel and ambient air as oxidant. The continuation of the study 6 is the work 7 , where a cone shaped Solid Oxide Fuel Cell stack was assembled by connecting 11 single cells in series. The 11 cell stack provides a maximum output of about 8 W at 800 o C and 6 W at 700 o C, when operated with humidifi ed methane fuel
7
. The SIS SOFC CHP system for residential house using 36 cell stacks was examined also by Fujita et al.
8
. A power density of 0.186 W/cm 2 was obtained at a current density of 0.24 A/cm 2 at 825 o C. However, authors 8 mentioned that it was diffi cult for SIS SOFCs to remain at their operating temperature with a high degree of fuel utilization during partial load operation. Despite this the SIS SOFC CHP system achieved an overall LHV effi ciency of 75% and its successful operation was demonstrated for over 4000 h.
Recently, a new conceptual micro-CHP with two serially connected integrated stack modules with 30 cells in the SOFC stack was analysed numerically and experimentally by Kupecki et al. 9 . It was shown that maximum effi ciency of the stacks was achieved in the range of parameters where the fi rst stack operated at a moderate current density, while the second stack at very low electrical load. The highest electrical effi ciency of 46.4% was achieved at current densities 0.275 and 0.07 A/cm 2 at the system level simulation performed using Aspen HYSYS 8.0. An increased the output power of the system based on the connection of two stacks in series in the manner presented in the study 9 resulted from the use of lean fuel from the fi rst stack in the second one. A further advantage of the use of two fuel cell stacks within one power unit was spotted in operational fl exibility unavailable to systems with a recirculation loop.
The latest multi-stack SOFC prototype assembly for combined heat and power was proposed by Anyenya et al. 10 . The prototype consists of three 1.5 kW e SOFC stack and combustor assemblies packaged. A steady-state system model was developed in Aspen Plus TM using user defi ned subroutines to predict the stack electrochemical performance of the stacks and heat loss from the module at different operating conditions under a hydrogen fuel blend. Simulation results revealed that the electric current can be used to increase the module electric power and heat fl ux while keeping the combined heat and power effi ciency of the system nearly constant. In addition, the fuel utilization can be used to increase system effi ciency and to decrease the heat fl ux to the geology during turn-down conditions. Finally, the stack temperature can be controlled by varying the fl ow of excess cooling air. However, increased air fl ow rates resulted in high compressor electric power demands.
The few trials available in literature investigating the serial connection of two or more staged SOFC stacks in the CHP systems revealed that higher effi ciencies and lower capital costs can be achieved. However, experimental investigation of the complex hybrid SOFC system is extremely diffi cult due to high cost of the apparatus. Therefore, the majority of the systems were analysed numerically. Numerical analysis allowed to study the overall system layout as well as to consider different type of reforming arrangement and fed streams. As a result, much more detailed design of the CHP systems that can be economically feasible and reliable were reported in the numerical studies. In addition, to achieve high effi ciency during the part load operation of the CHP system a special control strategy and management have to be implemented. And again, experimental study of the CHP system in part load conditions is much more diffi cult to manage than software simulation due to the coupling between staged SOFC stacks and auxiliary system components. It should be noticed that in numerical investigation hundreds of analyses can be carried out without the risk of fuel cells degradation or damage.
The objective of the study is to develop the steady state model of two-stage SOFC stacks in the CHP system. To investigate the behaviour of the hybrid system, two--dimensional models of two reformers, heat exchanger, two-stage SOFC stacks and burner using Aspen TECH were developed. Each component models of SOFC stacks, reformers, heat exchanger and burner have been verifi ed by comparison with data 11, 12 . The present model can be utilized to develop dynamic model, which may be helpful in defi ning the optimal control strategy of two--stage SOFC stacks in the CHP system during various transient conditions.
Numerical approach
An Aspen Plus v8.4 simulation model was developed in order to estimate the Combined and Heat Power system with two-stage SOFC stacks performance. The integrated simulation model of the SOFC CHP system shown in Fig. 1 is divided in three major subsystems: a fuel processor section, a fuel cell power system and a heat recovery section. The primary fuel reforming reactor is based on Catalytic Partial Oxidation reforming, CPO x , while the second one is based on Steam Reforming, Figure 1 . Twostage SOFC stacks in CHP system layout SR. The SR reactor is connected to Water Gas Shift, WGS, reaction to further reduce CO contamination to acceptable levels. The second subsystem of the simulation model describes two-stage SOFC stacks containing 90 and 240 fuel cells, respectively. The last section contains several auxiliary heat exchangers and burners that are required to preheat the incoming fuel, air and steam as well as to supply heat to the endothermic SR process.
The main assumptions invoked in this model are as follows:
-Zero-dimensional approach.
-Steady-state condition.
-The fed natural gas "NG" is composed of a mixture of 98.3% CH 4 , 0.5% C 2 H 6 , 0.3% C 3 H 8 , 0.1% C 4 H 10 , 0.8% N 2 . The molar fl ow rate is equal to 0.018024 mol•s -1 at the pressure of 1.04 bar.
-The inlet air fl ow rate "AIR" is equal to 0.3922 mol•s -1 at the inlet pressure of 1.00 bar and its compression was assumed equal to 1.04 bar. The air compression is carried out using a compressor C1 and the appropriate air fl ow "AIR1" is delivered to the separator SP3 at assumed pressure.
-Internal fuel processing: reforming and CO-shift reactions at equilibrium.
-The separator unit operation blocks "SP2" and "SP3" are responsible for delivering appropriate amounts of the fed gas "NG" and "AIR" to the reformer "CPOX" according to the user desired split fraction named the lambda number, λ = 0.3092. The lambda number represents the molar ration of the air to carbon entering the CPO x reformer and it was defi ned by equation (1): (1) where:
and were the volume fl ow rates of the air and natural gas entering the CPO x reformer, r i is the molar fraction of i -components.
-The volume fl ow rate of the stream entering to the CPO x reformer named as "AIR-CPOX" was calculated using a Calculator-1 block based on the equation (1) and the volume fl ow rate of the stream "NG-CPOX".
-A sensitivity analyze "S-1" was conducted to evaluate the outlet rate fl ow "NG-SR" for the separator unit operation block "SP2". The sensitivity specifi cation block was needed to check the value of the ratio O/C in the stream "S5" and to estimate the infl uence of the molar fl ow rate "NG-SR" on it.
-The outlet stream from the CPO x reformer "ST1--ANIN" was supplied to the anode side "ANODE1" of the fi rst SOFC stack. The exhaust gas from the fi rst SOFC stack "ST1-ANOF" was mixed with the fresh stream of natural gas "NG-SR" and then directed to SR reactors. Finally, the fuel "REFORMAT" was fed into the anode side "ANODE2" of the second SOFC stack. Exhaust gas from the second SOFC stack "ST2-ANOF" was burnt with the cathode off gas "ST2-CAOF" in the burner. The outlet stream from the burner "BURN-OFF" was directed to the steam reforming sub-system.
-Material balance:
where: and are molar fl ow of component entering and leaving the block, respectively.
-Energy balance:
(3) where: h i and h k are molar enthalpy of component entering and leaving the block, respectively.
Gross electrical effi ciency is determined by the equation (4): (4) where:
is summarized AC electrical power from both stacks, is volume fl ow rate of fuel and is the lower heating value of fuel (LHV) calculated according to the equation (5): (5) where: y i is volume fraction of combustible i -component, LHV i is lower heating value of combustible i -component.
The construction of each of the components is described below.
Reformer CPO x
The natural gas before entering the fi rst SOFC stack was reformed in the CPO x reformer named "CPOX". In the Aspen Plus the CPO x reformer was defi ned by the equilibrium reactor module RGibbs working at the pressure of 1.04 [bar] . Adiabatic and steady state operation was assumed. The following chemical reactions were specifi ed in the CPO x reformer block:
(R10) The value of the lambda coeffi cient was calculated using Aspen Plus Calculator C-1 function. The temperature and composition of the stream leaving "CPOX" (stream "ST1-ANIN") was calculated automatically by Aspen Plus. The syngas produced in the CPO x reformer and the oxidant "ST1-CAIN" were supplied to the fi rst SOFC stack modelled through the "CATHODE1", "ANODE1" and heater "H-SOFC-1" units, where the electrochemical reaction took place producing the demanded electrical power.
Internal reforming and electrochemical reactions at the anode
The pre-reformed fuel (stream "ST1-ANIN") was fed to the "ANODE1" block, where the reforming of CH 4 to H 2 and water gas shift of CO to H 2 occurred. The transfer of ions cannot be modelled in Aspen Plus, therefore the overall reactions (R11) -(R15) instead of the cell half reactions were used in the "ANODE1" block model as follows:
(R15) The "ANODE1" block was characterized by the equilibrium reactor module RGibbs. The stoichiometry of the electrochemical reactions was based on the reactions (R11) -(R15). A pressure drop was defi ned and equal to 0.01 bar. The outlet temperature of the exhaust gas "ST1-ANOF" was calculated by using an Aspen Plus Design-Spec DS-1 function. The Design-Spec DS-1 function based on specifi ed value of the electrical power "W-ELECTRIC" and the total of heat losses. The application of the block Calculator C-2 was also required due to the need of specifi cation the amount of the oxygen from air stream transferred from the cathode to the anode assuming the fuel utilization equal to FU = 0.75. In addition, two functions transfer T-1 and T-2 were used to maintain the operating cathode temperature to the value of the cathode inlet stream temperature "ST1-CAIN" as well as to maintain the outlet temperature values from anode "ST1-ANOF" and cathode "ST1-CAOF". A pressure drop was specifi ed for each side of the SOFC and based on the values obtained from the project partner. For the anode, it was assumed of 0.01 bar, while for the cathode 0.005 bar, respectively. The power produced by the fi rst SOFC stack "ISM1" was calculated by Aspen Plus and it was estimated as 2473 W. The power term was represented as the heat stream "Q-SOFC-1". The stream "Q-SOFC-1" in watts W was directed to the DC/AC converter to converts from DC power using the inverter effi ciency of 95%. The outlet stream "LOSS-1" represents 5% of the loss of the converter, while the stream "AC-1" represents the electrical AC power in watts marked by a variable "P_el_AC".
Air stream delivery to the cathode side in the second SOFC stack
The stream coming out from the cathode "ST1-CAOF" block was directed to the Mixer "M1", where it was connected with the fresh air stream "AIR3". A mixed stream "ST2-CAIN" was supplied to the cathode side in the second SOFC stack "ISM2". The "ISM2" model was built based on the SOFC model for the fi rst stack "ISM1". In this case, the SOFC model for "ISM2" contained as well three model blocks: anode named "ANODE2", cathode -"CATHODE2" and a heater module named "H-SOFC-2". The "CATHODE" was modelled as an oxygen separator using Separator block. In order to ensure correct calculation of the "ISM2" stack function additional design specifi cation, transfer and calculator functions were set to maintain the appropriate operating conditions. For the second SOFC stack the following values of the pressure drop for the anode and cathode were assumed: 0.005 and 0.02 [bar], respectively.
Burner
The streams coming out from the second SOFC stack "ISM2" block, streams "ST2-ANOF" and "ST2-CAOF" contained mainly steam along with some unburned H 2 and CO. Therefore, the depleted fuel was sent to the "BURNER" fulfi lling the role of the combustor. The process of combustion was simulated using the RStoic reactor that worked under the pressure of 1.01 bar and adiabatic condition due to project partner suggestion (heat duty was equal to 0 W). Two reactions for the remaining H 2 and CO in the depleted fuel with oxygen have been considered in the burner block: H 2 + 0.5O 2 → H 2 O (R16) CO + 0.5O 2 → CO 2 (R17) The outlet stream named "BURN-OFF" was directed to the steam reforming sub-system.
Steam reforming
The value of the O/C coefficient was calculated to meet in SR subsystem the desired oxygen/carbon, O/C ratio value using Aspen Plus Calculator C-4 and Design-Specs DS-1 functions. Too low O/C ratio infl icts soot formation on the reforming catalyst. Therefore the desired O/C ratio value was equal to 1.60. The high temperature stream "BURN-OFF" exiting the burner chamber exchanged heat within the steam reforming sub-system. This heat exchange was simulated in the Aspen Plus using a cascade of the RGibbs reactors and heat exchanger modules. The use of the cascade solved problems with a high degree of the air consumption in the second SOFC stack as well as allowed to reduce the SOFC temperature and a risk of catalyst damage. In addition, it also solved the need for heat for endothermic steam reforming reactions (R18) -(R21). In the steam reforming reactors modelled using the RGibbs module the following reactions (R18) -(R22) were considered: CH 4 (R22) In the outlet stream from the fi rst stack "ISM1" can also be present small amount of CO 2 . Thus, the additional reaction has been considered in the simulation within the steam reforming sub-system: Dry Reformation CO 2 + CH 4 → 2 H 2 + 2 CO (R23)
Basic models
The complete steady-state model of the serial connected two-stage SOFC stacks required specifi cation block that varies the fuel "NG" fl ow in the Splitter "SP2" to meet the desired O/C SR ratio equal to 1.60, which allow to avoid coke formation [11] . The Calculator C-4 specifi cation block was automatically adjusted the split fraction O/C SR depending on the desired composition of the stream S5. The O/C SR ratio required was calculated from the equation (6): (6) A second design specifi cation block Design-Spec DS-1 was set to maintain the desired O/C SR ratio by manipulating the split fraction of the Splitter "SP2".
To calculate the desired DC power two Aspen Plus Calculator block were used. The Calculator C-5 estimated the voltage-current parameters for the fi rst 90-cells SOFC stack, while the Calculator C-6 was applied for the second 240-cells SOFC stack. The DC-AC power inverter effi ciency was assumed to 95% for both stacks. The system operated at fi xed stacks temperature of 800, 830 and 860 o C as well as fi xed fuel utilization factor of 75%. The fuel utilization factor can be defi ned from the equation (7): (7) where: H 2,eq was the known equivalent H 2 fl ow rate, thus using the known fuel utilization factor, FU, the amount of H 2 consumed, H 2,consumed , in the anode stack can be obtained. 
Electrochemical modelling
The basic reactions occurring at the cell electrodes of the SOFC can be described as follows:
(R25) Overall reaction: H 2 + 0.5O 2 → H 2 O (R26) Two electrons conducted around the external circuit for each water molecule formed. Thus, considering the system was a reversible, without any losses, the electrical work done will be equal to the Gibbs energy release out of the reaction (R26) and can be calculated as (11): , changes with temperature, pressure and concentration of the reactants and products. So, the OCV in terms of partial pressures of the gas species can be estimated from equation (12): (12) where: E 0 is the reversible potential J . mol -1 at standard conditions of 1 bar, 2 represents the number of electrons produced per mole of hydrogen fuel reacted, T is the average SOFC temperature K, R is the molar gas constant, R = 8.314 J . mol -1 K -1 , p i is the partial pressure of gases i -component bar. The reversible potential, E 0 , was determined from equation (13) 13 :
The actual voltage was calculated from equation (14): (14) where: V Ohm -Ohmic voltage loss, V Act -activation loss and V Conc -concentration loss. The resistance to electron fl ow through the anode, cathode and the interconnects and the resistance to ion fl ow through the electrolyte cause the Ohmic loss can be estimated from equation (15) 
While the cell current was calculated from equation (20): (20) where: n is the number of fuel cell in the fi rst 90-cells SOFC stack and the second 240-cells SOFC stack, respectively, is the oxygen fl ow rate required calculated from equation (21): (21) The activation loss is mainly associated with the slow rate of chemical reactions taking place on the surface of the electrodes. The activation voltage loss can be expressed by the equation (22): (22) where: α is a pre-exponential factor for anode and cathode, j 0 is the exchange current density A . m -2 given as follows (equations (23)- (24) 27) where: j lim is the current density, which can be obtained with maximum fuel consumption during the reaction. The following equations (28) and (29) were used for the anode and cathode current density, respectively: (28) (29) where: D eff,i is the overall effective diffusion coeffi cient which was calculated for each gas using equations (30) Model input parameters are presented in Table 1 . The Aspen Plus model calculated the voltage of a single fuel cell from the equation (14), while the current. j, was calculated from the equation (36): (36) where: A is the active fuel cell surface. The fl owchart of the cell voltage calculations applied in this study can be found in paper 3 . Two stage SOFC stacks performances were predicted based on the presented above mathematical model implemented in Aspen Plus using a complex Defi ne-Spec-Vary block functions.
The hierarchy of the calculations is shown in Figure 2 :
RESULTS AND DISCUSSION
Several validations have been conducted in this study to obtain a confi dence with the correctness of the simulation results. First, the system under 100% load was validated against project partners data 18 . Later, the system under 47% load was validated and discussed in detail in the following section.
As seen in Table 2 , the model results for 100% load are in good agreement with data obtained from project partner -sunfi re 18 . There is a slight difference for voltage, current and effi ciency.
The model prediction results for 100% load presented in this work match very closely to data 18 . In particular, the DC electrical power calculated for both stacks equalled to 2473 and 4557 W, respectively for the fi rst 90 -cells and second 240 -cells SOFC stacks indicate that the quantity of electricity produced was close to the level of data 18 . The staged SOFC stacks power generation system performance under 47% load is depicted in Table 3 . The single cell voltage for both stacks increased in comparison to the case under 100% load. As a consequence, the electrical power decreased almost half for both 90 -cells and 240 -cells SOFC stacks. Differences in comparison with data 18 under 47% load are higher and they are in the order of 7-8%. It was the result of lack of knowledge of the porosity and tortuosity of the electrodes values. Nevertheless, it should be underlined good agreement in prediction the current for both stack.
A second validation of the model was conducted using data 18 for the considered system operating at the same natural gas composition. The gas compositions at the inlet to the anode side of the fi rst SOFC stack "ISM1"
were compared and are presented in Table 4 and 5, respectively for the system working under 100% and 47%. assuming that the system was maintained at 800, 830 and 860 o C. Increasing the fuel utilization factor implies that more hydrogen was consumed by SOFC stacks and as a consequence converting more chemical energy into electrical energy. However, in the considered system, the analysis showed negligible differences in cell voltage values at constant temperature and variable fuel utilization. It should be underlined that the increase in the stack temperature caused an increase the voltage along the full range of current 0 -6 000 A . m -2 . Fig. 3 shows that increasing the temperature from 800 o C to 860 o C infl uence signifi cantly on the voltage increases at the current density range from 0 to 6 000 A . m -2 . Growth of the operating temperature of each SOFC sub-system leads to an increase in stack power (Fig. 4) . The temperature increases from 800 to 860 o C caused shift of a peak power towards higher current density values, which means lower values of the single cell voltage. While, it is desirable with regards to operating costs, to operate the SOFC stack at high voltage and effi ciency. Therefore, there has to be a trade-off between voltage, effi ciency and power.
The effect of varying pressure is displayed in Fig. 5 and 6 for both SOFC stacks sub-systems. The pressure was increased from 1.035 bar to 2.070 bar. Maintaining a constant fuel utilization at higher pressure provides an increase of the steam reforming effi ciency, which in consequence affects the increase of the single cell voltage in the second SOFC stack sub-system. It should be underlined that Figs. 2-5 do not represent the correct relationship between the single cell voltage for both staged SOFC stacks in the power generation system. Therefore, it was proposed to evaluate the system performance based on the parameter depicting the relationship between two-stage SOFC stacks as the ratio of the voltage of the individual cell in both stacks as shown in Fig. 7 .
It was observed that the open circuit voltage was higher in case of the fi rst SOFC stack. In addition, it was noticed (Fig. 6 ) that the voltage values on both SOFC stacks were quite similar in the operational range of current density 1000-2000 A . m -2 , which is in the area of SOFC development system interest. Above the current density of 3000 A . m -2
, the single cell voltage in the second SOFC sub-system decreases at a slower rate according to the increase of the SOFC temperature. Most visible changes were observed for the lowest operating temperature of 800 o C. As the temperature increases, the 
CONCLUSIONS
This paper has focused on developing a complete system included two SOFC stacks (90 and 240 cells per stack) in serial connection. The computer experimental numerical analysis of two-stage SOFC stacks in the 5 kW combined heat and power system fed by natural gas has been developed in Aspen Plus TM Simulator and validated with published data 18 . Two different types of fuel reforming processes: CPO x and steam reforming were implemented. The STAGE-SOFC model was constructed using the existing Aspen Plus TM functions and process simulator tools such as Spec Design and Calculator blocks, which allow to include the electrochemistry, the diffusion phenomena and the reforming kinetics in detail. Using them, the infl uence of the fuel utilization, temperature and pressure on the SOFC stacks performance under part (47%) and full (100%) loads were investigated. The electrochemical performance (I-V curve) was analysed in range 0-6000 A . m -2 . The infl uence of temperature and pressure on the cell voltage was also considered. To evaluate the STAGE-SOFC system performance the ratio of the voltage of the individual cell in both stacks was reviewed.
In conclusion, a complete techno-economic modelling of the system is necessary to provide more insight regarding the capital cost and the operating cost based on the operating range investigated in this paper. This kind of study is planned to conduct over the entire life time of the whole system. This would defi nitely identify the benefi ts of the system over other conventional power generation systems. The complete STAGE-SOFC model included more detailed analysis of the transient behaviour and then, the optimization of the plant components can be performed in future work using Aspen Dynamics Simulator. 
